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Abstract
Biomechanical energetic analysis of technique can be performed to identify limits or constraints to performance outcome at
10 the level of joint work, and to assess the mechanical efﬁciency of techniques. The aim of this study was to investigate the
biomechanical energetic processes during learning the longswing on the high bar. Twelve male, novice participants took part
in a training study. Kinematic and kinetics data were collected during swing attempts in eight weekly testing sessions.
Inverse dynamics analysis was performed from known zero forces at the toes. Joint work, total energy, and bar energy were
calculated. Biomechanical constraints to action, that is, limits to novice performance, were identiﬁed as “total work” and
15 “shoulder work”. The most biomechanically efﬁcient technique was associated with an onset of the hip functional phase and
joint work that occurred between 10–45° before the bottom of the swing. The learning of gross motor skills is realised
through the establishment of a set of techniques with task speciﬁc biomechanical constraints. Knowledge of the biomecha-
nical constraints to action associated with more effective and efﬁcient techniques will be useful for both assessing learning
and establishing effective learning interventions.
20 Keywords: gymnastics, energetics, constraints to action, motor learning
Introduction
Biomechanical analysis can increase understanding
of how the changes in technique that occur during
motor learning enable us to better satisfy task
25 demands. Particularly, a biomechanical energetic
analysis can help explain the reasons why a given
technique is more or less successful, or quantify the
mechanical efﬁciency of that technique. Therefore, a
biomechanical understanding of changes in techni-
30 que during learning can provide objective, quantita-
tive information which is useful for assessing and
enhancing the process of skill learning.
Previous research has investigated the mechanical
energy exchanges during gross motor skills such as
35 the pole-vault (Schade, Arampatzis, & Brüggemann,
2000), sprint running (Bezodis, Kerwin, & Salo,
2008) and gymnastics high bar skills (Arampatzis &
Brüggemann, 1999, 2001; Irwin & Kerwin, 2007;
Okamoto, Sakurai, Ikegami, & Yabe, 1987).
40 However, changes in mechanical efﬁciency during
learning have more often been examined for labora-
tory based tasks such as crawling (Sparrow &
Irizarry-Lopez, 1987) and reaching movements
(Schneider, Zernicke, Schmidt, & Hart, 1989), for
45which efﬁciency improves with practice.
In this research the gymnastics longswing was
used as a vehicle to study the skill learning process.
The gymnastics longswing is a fundamental skill on
the high bar apparatus. The longswing consists of a
50rotation about the horizontal high bar axis in the
vertical plane, where the gymnast swings from hand-
stand to handstand (Figure 1). Arms and legs of the
performer remain fully extended throughout the
swing, thus basic technique consists of ﬂexion and
55extension actions at the hips and shoulders
(Brüggemann, Cheetham, Alp, & Arampatzis,
1994; Fédération Internationale de Gymnastique
(FIG), 2013).
Williams, Irwin, Kerwin, and Newell (2012)
60investigated joint kinematic strategies of novices dur-
ing a period of learning the longswing. While the
central goal of learning the task was to increase
swing amplitude, the ﬁndings of Williams et al.
(2012) established three groups of novices who
65were able to perform the skill after a similar number
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of practice attempts. The position of the hip func-
tional phase action, which is deﬁned between max-
imum hyper-extension to ﬂexion of the joint during
the swing, was common for individuals in each
70 group. As such, degeneracy in successful techniques
was identiﬁed, that is, two different techniques were
used to achieve the same task outcome (Edelman &
Gally, 2001). It is unclear how the two techniques
differ in terms of their joint work contribution.
75 The aim of the current analysis was to investigate
the biomechanical energetic process involved in
novice technique during a period of learning the
longswing. The research seeks to provide further
insight into how the technique of novices was
80 related to their biomechanical contribution via an
analysis of the joint work intervention and the total
energy of the system. This analysis will help to
further understand degeneracy in successful techni-
ques by revealing the nature of changes in mechan-
85 ical efﬁciency during learning. The purpose of this
analysis was to inform the coaching process for this
skill by identifying the most mechanically efﬁcient
technique and the biomechanical constraints that
limit the ability to perform this technique during
90 learning.
Methods
The data presented in this paper are from the same
participant groups as that reported in Williams et al.
(2012), which investigated changes in kinematics.
95 The numbering of participants is the same as in
Williams et al. (2012).
Participants
Ethical approval was gained from the host
University’s Ethics Committee prior to the onset of
100the study. All participants gave voluntary informed
consent to take part in the study. Data for twelve
male participants (M ± s©age: 20 ± 2 years, mass:
72.0 ± 6.7 kg and stature: 1.76 ± 0.06 m) were
analysed. All participants were recreational athletes
105with no prior high bar experience. Eligibility to take
part in the study was granted after participants suc-
cessfully completed a health questionnaire and had
been screened for the capability to perform skills
reﬂective of the physical demands of the longswing
110and its associated progressions (Arkaev & Suchilin,
2004; Readhead, 1997). Skills included the ability to
perform simple swinging actions on the looped bar
and fundamental gymnastic movements including
the handstand,©dish, and arch body positions.
115Procedures
The longitudinal study took place over 8 weeks. A
period of eight weeks was chosen based on evidence
from a previous study (Irwin, 2005; unpublished
thesis) that suggested©it would allow sufﬁcient time
120for the majority of novices to perform the full long-
swing. In addition, eight weeks was the length of the
term during which the students were available for
testing. Initially, participants were shown videos
and received an explanation of the aims of the long-
125swing. A testing session was then performed on the
same day of each week. Between each testing session
a training session was completed (7 in total).
During testing sessions each participant per-
formed 5 trials of 3 swings after a warm-up. The
130bar was highly polished and loops were ﬁtted.
During each trial, participants were given the
ongoing aim of increasing their swing amplitude©
until, ideally, they were able to perform the complete
longswing. Participants were instructed to keep
135knees and elbows fully extended during swinging.
Technical instruction provided was kept to the rele-
vant recommended techniques: “an extended body
shape during the downswing”; “the hips lead the
swing under the bar” and “rapid acceleration of the
140legs into the upswing, closing the hip and shoulder
angles” (Readhead, 1997, p. 189).
Training sessions were run by a gymnastics coach
and comprised the structured implementation of
longswing speciﬁc skill progressions and condition-
145ing exercises (Irwin & Kerwin, 2005; Readhead,
1997). Training exercises were categorised by three
themes: conditioning exercises, for example holding
a handstand; early skill progressions, such as©looped
pendulum swing; and advanced skill progressions,
150such as an assisted looped layaway and swing
Figure 1. Schematic of a gymnast performing the looped long-
swing. Circle angle see the gymnast at 90° in handstand above the
bar and hanging under the bar at 270°.
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down. Participants trained together and each indivi-
dual performed all of the selected exercises.
Data collection
In order to obtain individual speciﬁc body segment
155 inertia parameters, anthropometric data were
obtained using the digital image technique of
Gittoes, Bezodis, and Wilson (2009) (Canon
EOS400D SLR, Japan; resolution 720©× 576 pixels)
for use within Yeadon’s (1990) geometric inertia
160 model. Kinematic data (200 Hz) were collected
using an automated 3D motion capture system
(Codamotion, Charnwood Dynamics Ltd., UK).
Two CX1 scanners provided a ﬁeld of view exceed-
ing 2.5 m around the centre of the bar (Figure 2).
165 Active markers were placed on the lateral aspect of
each participant’s right side at the estimated centre
of rotation of the shoulder and the elbow, mid
forearm, greater trochanter, femoral condyle, lateral
malleolus, ﬁfth metatarsophalageal, and the centre
170 of the underside of the bar. Eight linear strain
gauges (CEA/09/280UW/120; 1000 Hz) measured
external reaction forces at the bar. Two pairs of
gauges were mounted at the end of the bar, with
their outputs combined to produce net vertical and
175 horizontal outputs. The arrangement accommo-
dated loading at any point along the bar. A
Wheatstone bridge circuit allowed measurement of
forces in the horizontal and vertical directions via
four net channels (2©× vertical and 2©× horizontal),
180 which were ampliﬁed using a strain gauge ampliﬁer
(model 2100, Measurement Group, Basingstoke,
UK). Calibration of the instrumented high bar was
performed in the vertical direction by loading and
unloading the centre of the bar with known masses
185 of up to 4000 N.
Data analysis
Raw marker data and strain gauge outputs were
identiﬁed from Coda output and all subsequent ana-
lysis took place using customised code written in
190MATLAB (The Mathworks, USA). 3D marker
data were projected onto a 2D sagittal plane.
Kinematic data were ﬁltered using a fourth order,
low pass Butterworth ﬁlter with a cut-off frequency
of 6 Hz. The angular orientation of the gymnast
195about the bar was described by the circle angle.
Circle angle was deﬁned by the mass centre to bar
vector with respect to the horizontal, where a circle
angle of 90° and 450° saw the CM of the gymnast
above the bar in handstand (Figure 1).
200During full rotation, a new swing was deﬁned each
time the performer’s centre of mass passed through
90° in the circle (Figure 1). Incomplete swings were
deﬁned by instances when the angular velocity of the
circle angle vector became zero. Lines joining the
205shoulder centre, greater trochanter and femoral con-
dyle markers deﬁned the hip angle. Shoulder angle
was deﬁned by the lines joining elbow, shoulder, and
greater trochanter markers. Lines joining the greater
trochanter, femoral condyle and lateral malleolus
210deﬁned the knee angle. Flexion of the hip and
knee, and extension of the shoulder joints (closing)
was deﬁned as positive. The hip functional phase
was deﬁned between maximum hyperextension
(opening) to ﬂexion (closing) at the joint. The
215shoulder functional phase was deﬁned between max-
imum ﬂexion (opening) to extension (closing)
occurring under the lower vertical (Irwin &
Kerwin, 2005).
A two-dimensional inverse dynamic analysis was
220performed from known zero forces at the toes com-
bined with kinematic and inertia data to calculate net
moments acting at the shoulder, hip, and knee joints
during the longswing. Resultant power at the
shoulder and hip joints was calculated as the product
225of the joint moment and joint angular velocity. Net
mechanical work at the joint (JW) was calculated as
the integral of joint power (JP) with respect to time
(Equation (1)).
JWtotal ¼
X3
j¼1
JPj  dt (1)
Total work was calculated as the sum of the
230work done at the shoulder, hip, and knee joints.
T©otal energy of the performer was calculated as the
sum of the angular kinetic, gravitational potential
and linear kinetic energy possessed by the
performer, modelled as a series of segments
235(Equation (2)),
Figure 2. Plan view of the data collection set-up. Coda scanners
provided a ﬁeld of view of 2.5 m around the high bar.
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Etotal ¼
X4
i¼1
1
2
Iiω2i þ
X4
i¼1
mi  g  hi þ
X4
i¼1
1
2
miv2i
(2)
where total energy = Etotal, moment of inertia = I,
angular velocity = ω, mass = m, acceleration due to
gravity = g, vertical position relative to neutral bar
position = h, linear velocity = v, and i = ith segment.
240 Total energy was calculated relative to the neutral
bar position, where the neutral bar was at (0,0) in the
reference system.
Energy stored by©elastic properties of the bar was
calculated from forces measured at the bar
245 (Fb_measured) in the horizontal (y) and vertical (z)
directions (Equation (3)).
Ebar ¼ 12 
Fb measured y2
Ky
þ 1
2
 Fb measured z
2
Kz
(3)
Energy transferred by the performer to the elastic bar
(Ebar) was calculated using the measured forces on
the bar and stiffness values (K) (Equation (3)).
250 Conversion from the measured vertical stiffness
(Kz) to the horizontal (Ky) was taken from Kerwin
and Hiley (2003), where horizontal stiffness was
85% of the vertical stiffness.
Efﬁciency score. Net energy (Enet) was calculated as
255 the total energy (Etotal) with the total work (JWtotal)
and©energy of the bar (Ebar) removed (Equation (4)).
Enet ¼ Etotal  JWtotal þ Ebarð Þ (4)
The efﬁciency score was calculated as the©root
mean square differences (RMSD) between the pro-
ﬁles of total energy (Etotal) and net energy (Enet)
260 (Equation (5)).
RMSD ¼ 1
N
XN
i¼1
Etotal  Enetð Þ2
 !1
2
(5)
Energy values were normalised for comparisons
between participants based on Equation (6) (Hof,
1996),
E^ ¼ E
mp  g  hp (6)
where Ế = Normalised Energy, h = height,
265 p = participant.
Moment of Inertia about the ﬁngertips of each
performer was calculated to represent a fully out-
stretched position about the bar. In order to pro-
vide inter-performer comparison between swings,
270time series data were interpolated to 1° increments
of rotation about the bar using a cubic spline.
Swing two in each trial was analysed, resulting
in ﬁve swings representing each session per
participant.
275Data analysis
Grouping of participants. Data were analysed based
on a multiple single-subject design while an indi-
vidual’s group provided an indication of whether
certain characteristics of technique were common
280for more or less successful novices. Three groups
of participants were identiﬁed based on the num-
ber of sessions it took each individual to perform
the full longswings (Williams et al., 2012).
Participants in group 1 (G1, n = 4; participant
285(PT) PT01, PT09, PT11 and PT13) were able
to perform the full longswing by session 3.
Participants in group 2 (G2 n = 4; PT02, PT10,
PT12 and PT15) were able to perform the full
longswing by session 8. While PT03, PT04,
290PT05 and PT14 in group 3 (G3, n = 4) were
unable to perform the full longswing throughout
the 8 sessions.
Variables. Discrete values for normalised total work
and work at the hip, shoulder and knee joints were
295analysed over sessions, and compared between suc-
cessful and unsuccessful swings of participants in
each group. Continuous proﬁles of©total energy,
total work, and bar energy were presented simulta-
neously. A score of efﬁciency was reported for full
300longswings. To inform the comparison of efﬁciency
between swings, moment of inertia of performers in
a fully outstretched position and©difference between
total energy at the start and©end of successful swings
were calculated.
305Statistical analysis. Differences between discrete
variables across testing sessions were quantiﬁed
using repeated measures analysis of variance
(ANOVA) based on a single-subject design. The
level of statistical signiﬁcance was set a priori to
310P < 0.05, where the Bonferroni correction was
applied for multiple comparisons. Normality of
data was assessed using the critical appraisal
approach (Peat & Barton, 2005). Mauchly’s test
was used to determine the sphericity assumption
315within the data; where sphericity was violated, prob-
ability was corrected according to the Greenhouse-
Geisser procedure. Cohen’s d, effect size, was
calculated between data for sessions that were sta-
tistically different (Cohen, 1992). Group differences
320in variables were tested by a two-tailed independent
t-test (P < 0.05).
4 G. K. R. Williams et al.
Results
Normalised work
During incomplete swings by all participants in G3,
325 who remained unsuccessful throughout the learning
period, mean total work was 0.12 ± 0.02 normalised
units (NJW), and ranged between 0.05 and 0.15
NJW (Figure 3). During full longswings performed
by individuals in G1 mean total work was
3300.20 ± 0.03 NJW and G2 0.21 ± 0.04 NJW, ranging
between 0.15 and 0.29 NJW. Total work was signif-
icantly higher (P < 0.01) during successful swings
than unsuccessful swings (within G1 mean differ-
ence 0.09 NJW, CI from 0.07 to 0.11 NJW,
335t = 9.2, df = 30, effect size 0.9; P = 0.00; within
G2 mean difference 0.07 NJW, CI from 0.05 to
0.09 NJW, t = 6.0, df = 30, effect size = 0.7,
P = 0.00; between G1 successful and G3 mean
Figure 3. Mean and standard deviation of normalised joint work (NJW) total (top), at the hip (middle) and©shoulder (bottom) for all
unsuccessful sessions of group 3 (G3), and unsuccessful and successful sessions of group 1 (G1) and group 2 (G2). Solid horizontal lines lie
between groups that are signiﬁcantly different to P < 0.01, and dashed lines P < 0.05.
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difference 0.08 NJW, CI from 0.06 to 0.09, t = 11.6,
340 df = 50, effect size 0.9, P = 0.00; between G2 suc-
cessful and G3 mean difference 0.09 NJW, CI from
0.07 to 0.12 NJW, t = 8.6, df = 36, P = 0.00, effect
size = 0.81; Figure 3).
Post hoc analysis showed that signiﬁcant increases
345 occurred in hip work between early sessions (1–5)
and later sessions (5–8) for all participants (P < 0.05;
effect size >0.7; Figure 4). Individuals in G1
performed signiﬁcantly more hip work during ses-
sions where successful longswings were performed
350compared to unsuccessful sessions (mean difference
0.113 NJW, 95% CI from 0.08 to 0.14 NJW, t = 7.8,
df = 16, effect size = 0.9, P < 0.00; Figure 3). Ranges
of values for hip work did not distinguish between
groups of learners during early sessions. For exam-
355ple, hip work for participants PT10, PT12 and PT15
in G2 ranged between 0.06 and 0.15 NJW during
Figure 4. Mean (± s©) normalised joint work performed at the shoulder joints (dark grey), hips (light grey) and knees (black) over eight
sessions, for participants PT09 in G1 (top), PT15 in G2 (middle) and PT05 in G3 (bottom).©
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session 1–6, and 0.09 and 0.23 NJW during session
7 and 8 where they successfully performed long-
swings. Hip work for unsuccessful performers in
360 G3 ranged between 0.03©and 0.12 NJW throughout
the eight sessions. During successful swings by G2
signiﬁcantly more hip work was performed than dur-
ing unsuccessful swings (mean difference 0.08 NJW,
95% CI from 0.05 to 0.10 NJW, t = 5.8, df = 30,
365 effect size = 0.7, P < 0.00; Figure 3).
Individuals in G1 performed >13% more net
shoulder work during successful longswings (mean
0.08 ± 0.02 NJW; mean difference 0.03, CI from
0.01 to 0.04, t = 3.3, df = 30, effect size = 0.5,
370 P = < 0.00), signiﬁcantly more than (P < 0.05) indi-
viduals in G2 (successful swings mean difference
0.03 NJW, 95% CI from 0.01 to 0.05, t = 3.1,
df = 24, effect size = 0.5 P = 0.01) or G3 (mean
difference 0.03 NJW, CI from 0.02 to 0.04 NJW,
375t = 6.2, df = 50, effect size = 0.7, P < 0.00; Figure 3,
3). Mean shoulder work was ≤0.05 NJW throughout
the learning period; less than hip work (Figure 3).
Interestingly, one participant (PT02) in G2 uti-
lised knee work during successful longswings. Knee
380work accounted for 47% of total work during session
eight, more than either©hip (0.05 ± 0.01 NJW) or
shoulder joints (0.02 ± 0.00 NJW). With the excep-
tion of PT02, knee work averaged less than
0.01 NJW for all other participants.
385Total energy proﬁles: the effect of work and bar energy
During incomplete swings, total energy proﬁles con-
sisted of an increase before and after the bottom of
the swing (270° in the circle angle) as a result of
positive work (Figure 5). This common pattern
Figure 5. An example of a normalised total energy (solid black line), total work (solid grey line) and bar energy (dashed black line) proﬁle for
participants PT09 in G1 (top), PT15 in G2 (middle), and PT05 in G3 (bottom) during session 1 (left) and session eight (right). Solid
arrows and dashed arrows indicate increases referred to within the text. Stick ﬁgures represent the key body positions.
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390 occurred for unsuccessful participants in G3
throughout the learning period (Figure 5).
Two total energy proﬁles emerged during success-
ful swings. Firstly, proﬁles were characterised by a
steady decrease from 180° until 280° in the circle,
395 followed by a rapid increase during the upswing
(solid arrow); a “decrease–increase pattern”
(Figure 5A). Energy was rapidly replaced during
the upswing via a large input of joint work and the
return of bar energy. One participant (PT09) used
400 this pattern from session 1 while for others (PT01
and PT11) the pattern emerged over sessions 1©–3.
Secondly, the total energy proﬁles described above
were distinctly different for individuals PT13 (G1)
and those in G2. The total energy proﬁle of these
405 participants were characterised by an “energy main-
tenance” pattern. Inputs of joint work increased total
energy before and after the bottom of the swing, as
shown in Figure 5B©and C by dashed and solid
arrows, respectively. Corresponding total work pro-
410 ﬁles were described by a gradual increase from 210°
in the circle until the end of the swing caused pre-
dominantly by the early onset of hip work for PT10,
PT12 and PT15 (G2), shoulder work for PT13 (G1)
or knee work for PT02 (G2). The kinematics asso-
415 ciated with each of these joint work patterns are
displayed clearly in Figure 6. The key hip and
shoulder closing actions begin near the bottom of
the swing for G1 using the “decrease–increase” pat-
tern, and much earlier for G2 using the “energy
420maintenance” pattern.
Efﬁciency score
Based on the difference between the total energy and
net energy proﬁles G1 were ≥13% more efﬁcient
than G2 during successful swings in session 8
425(Table I©; P < 0.05). An outlier, PT02 in G2, per-
formed a large amount of “prohibited” knee work
that resulted in a technique as mechanically efﬁcient
as those of G1 (Table I©).
Group differences in efﬁciency scores were vali-
430dated by measures of moment of inertia and the
differences between total energy at the beginning
and©end of the swing. No signiﬁcant difference
between groups was found for moment of inertia
about the bar (G1: 99 ± 12 kg©·m
2; G2: 106 ± 17
435kg©·m
2; G3; 117 ± 16 kg©·m
2; G1 verses G2 mean
difference 7 kg©·m
2, CI from 19 to 33 kg©·m
2,
t = 0.67, df = 6, effect size = 0.2, P = 0.53; G1
verses G2 mean difference 18 kg©·m
2, CI from 6.5
to 42.5, t = 1.8, df = 6, effect size = 0.5, P = 0.12;
Figure 6.AQ3 Stick ﬁgure diagrams of a sample swing from a performer in G1 (left) and G2 (right) during session 8. Green/dark ﬁgure highlights
the start of the functional phases.
Table I. Root mean square difference (RMSD) between total energy and net energy proﬁles for performers in G1 and G2, presented as
©mean and standard deviation©for ﬁve full longswings.
RMSD (normalised energy)
G1 G2
PT01 PT09 PT11 PT13 PT10 PT12 PT15 PT02
Mean ± s
0.14 ± 0.01 0.15 ± 0.01 0.12 ± 0.08 0.15 ± 0.02 0.16 ± 0.01 0.17 ± 0.01 0.20 ± 0.04 0.13 ± 0.03
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440 G2 verses G3 mean difference 11 kg©·m
2, CI from
17.6 to 39.6 kg©·m
2, t = 0.94, df = 6, effect size = 0.3,
P = 0.38). The difference in total energy at the start
compared to the end of the swing was 4 ± 3% for
participants in G1 was smaller than values for parti-
445 cipants in G2’s 12 ± 3% during ﬁve full longswings.
Discussion
The aim of©current analysis was to investigate the
biomechanical energetic process involved in novice
technique during a period of learning the longswing.
450 Biomechanical constraints to action, that is, limits to
novice performance, were identiﬁed as “total work”
and “shoulder work”. The most biomechanically
efﬁcient technique was associated with an onset of
the hip work that occurred 10–45° before the bottom
455 of the swing.
The ability to perform total work during the swing
was a biomechanical constraint to action for novices.
Signiﬁcantly more joint work was performed during
full longswings, as demonstrated by successful per-
460 formers in G1 and G2, and compared to G3
(Figure 3). Since some novices are limited by their
ability to produce the joint work required, the skill
presents a biomechanical problem. This is useful
information for coaches who will need to increase
465 the strength characteristics of the learners to help
them to achieve successful performance.
Shoulder work was another biomechanical con-
straint that limited novices. The hips provided the
dominant contribution to total work compared to
470 the shoulder. The ability to perform more work at
the shoulder joint was associated with the most effec-
tive and efﬁcient novices. G1 performed 13% more
shoulder work than participants in G2 and G3
(Figure 3). Furthermore, equal or greater amounts
475 of joint work at the shoulder compared to the hip
have been reported for elite longswings, suggesting
that the ability to perform shoulder work is also a
distinguishing factor between novice and elite long-
swing technique (Irwin & Kerwin, 2007; Okamoto
480 et al., 1987). Therefore, the ability to perform the
key shoulder actions recommended for the skill may
well be a biomechanical problem for novices, and is
certainly a characteristic of technique that is asso-
ciated with skill development. Biomechanical rea-
485 sons for the limited shoulder action include©greater
moment of inertia of the body about the shoulder
joint compared to the hip. Shoulder extension is also
more novel in sporting activity. Identifying biome-
chanical energetic limits at the shoulder provides
490 useful information for coaches and helps explain
why changes in hip actions were more clearly related
to improvement in performance for all novices
(Williams et al., 2012).
The amount of hip work signiﬁcantly increased
495over the training period for participants who were
able to perform©full longswing. For example, indivi-
duals in G1 increased hip work by >40% over the
training period. Interestingly, concentrating techni-
que changes to the more distal joints during initial
500learning is contrary to the ﬁndings of other motor
learning studies. For example, the action of more
proximal joints has been emphasised during early
practice attempts, with a move towards control of
more distal joints with practice of kicking tasks
505(Anderson & Sidaway, 1994; Hodges, Hayes,
Horn, & Williams, 2005), and bouncing a ball
(Broderick & Newell, 1999). Despite these exam-
ples, evidence is not unequivocal since during a
balance task (Caillou, Delignières, Nourritt,
510Deschamps, & Lauriot, 2002; Ko, Challis, &
Newell, 2003), pedalo locomotion (Chen, Liu,
Mayer-Kress, & Newell, 2005) and kicking tasks
(Chow, Davids, Button, & Rein, 2008) the progres-
sion from distal to more proximal joint actions has
515been shown. This study provides further support for
the task speciﬁc nature of technique changes during
learning motor skills.
One participant that stood out as employing a very
individual strategy was PT02 (G2) who demon-
520strated knee work that accounted for 47% of total
work. Knee ﬂexion reduced the hip and shoulder
work requirements by reducing the moment of iner-
tia of the performer about the bar. The current ana-
lysis suggests that the bent knee longswing (Arkaev &
525Suchilin, 2004; Irwin & Kerwin, 2005, 2007;
Readhead, 1997) manipulates the task constraints
in order to overcome the biomechanical constraints
“total work” and “shoulder work” which limited
novices.
530Total energy proﬁle: the effect of work and bar energy
Degeneracy, that is the same performance outcome
achieved via different techniques (Edelman & Gally,
2001), was observed and can be expected based on
inter-individual differences (Newell, 1986). The bio-
535mechanical constraints that contributed to degener-
ate techniques can be inferred by exploring©different
strategies for satisfying the mechanical demands of
the task.
Total energy in this task is manipulated by two key
540factors; work done and the elastic properties of the
bar (Arampatzis & Brüggemann, 1999). During
incomplete swings an increase in total energy
occurred before and after the lower vertical. Total
energy of the system increased as joint work was
545performed to close the hip and shoulder joints
(Figure 5). Performers in G3 did not change this
strategy during the eight sessions and remained
unsuccessful. Degeneracy in successful technique
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was highlighted as two different proﬁles of total
550 energy became evident during successful swings.
The “decrease–increase” proﬁle observed in
Figure 5, occurred for three of the four participants
in G1. The decrease–increase proﬁle of total work
corresponded with little work done during the down-
555 swing. A “passive kinetics” constraint was deﬁned as
the forces tending to open the joints as the body
rotates as a series of linked segments (Williams,
Irwin, Kerwin, & Newell, 2014). Overcoming the
passive kinetics constraint facilitated the later onset
560 of the hip functional phase action and©powerful
shoulder action, and concurrently the joint work
occurred after the lower vertical position. It is inter-
esting to note that the functional phase that started
earlier in the swing did not distribute the joint work
565 requirements but rather placed the performer in a
position to input large amounts of positive work
during the upswing. The kinematic characteristics
of performing joint work during the upswing are
described in Williams et al. (2012), as the hip func-
570 tional phase is initiated near the lower vertical.
On the other hand, total energy proﬁles of partici-
pants in (G2) and PT13 (G1) became characterised
by an “energy maintenance” pattern. In order to
maintain total energy throughout the swing inputs
575 of joint work began at 210° in the circle. Individual
performers created this “energy maintenance” pat-
tern via different combinations of hip and shoulder
work that was distributed throughout the swing. For
example, joint work was performed at the hip by
580 PT10 (G2),©shoulder by PT13 (G1),©knee by PT02
(G2) or the hip and shoulder by PT12 and PT15
(G2). Although the degenerate technique associated
with the “energy maintenance” proﬁle was unchar-
acteristic of the technique reported for elite gymnasts
585 (Irwin & Kerwin, 2005), it facilitated full longswings
for individuals in G2 who were restricted by the
shoulder work constraint.
Knowledge of the biomechanical constraints asso-
ciated with the different techniques provides useful
590 information about the predisposition of athletes to
adopt a certain technique, and to become successful.
These principles most likely apply across many
motor tasks, although research on real work skills is
limited (Chow et al., 2008; Delignières et al., 1998;
595 Thelen & Smith, 1995).
Efﬁciency during successful longswings
Mechanical efﬁciency has been suggested to increase
with learning and be optimised with expertise
(Bernstein, 1967; Newell, 1985). During the full
600 longswing, a technique that enables the performer
to swing from handstand to handstand with the least
amount of mechanical energy input is a more
mechanically efﬁcient technique. Correctly performed,
successful swings by performers in G1 were at least
60513% more efﬁcient, compared to performers in G2.
Since moment of inertia in an outstretched position
did not distinguish between individuals in G1 and G2,
and G1 had a smaller decrease in total energy at the
end of the swing (of 4 ± 3%) compared to G2
610(12 ± 3%) these results could be veriﬁed. These are
particularly important ﬁndings, deﬁning the successful
technique of performers in G1 as not only more effec-
tive for performance improvement, but also more
mechanically efﬁcient.
615Bernstein (1967) inferred that utilising and
exploiting reactive forces that arise in a series of
linked segments during movement is a sign of a
more advanced technique, a proposition supported
in previous motor learning literature (Sparrow &
620Irizarry-Lopez, 1987). However the current task
places emphasis on the interaction of the segments
to best exploit the gravitational forces that act on the
CM and cause it to rotate about the high bar. Future
research might investigate the more subtle nuances
625of efﬁcient technique associated with elite long-
swings which are suggested to remain less variable
for more skilled performers (Hiley, Zuevsky, &
Yeadon, 2013), or the combination of interactive,
passive, and muscular forces (Bernstein, 1967).
630The current analysis has shown that for G2 the
inability to overcome speciﬁc biomechanical con-
straints leads to an inefﬁcient technique.
These ﬁndings raise the question, is it more
important to be effective in satisfying the task
635demands, or efﬁcient in the process? This is an
important problem for motor learning practitioners
such as coaches. Knowledge of©biomechanical con-
straints provides evidence for the speciﬁc task con-
straints that need to be manipulated in order to elicit
640the characteristics of an effective and/or efﬁcient
technique. For example, a bent knee longswing
might enable a performer to overcome joint work
constraints (“total work” and “shoulder work”)
while maintaining the more efﬁcient technique char-
645acteristics associated with timing hip and shoulder
actions. In a more general sense, it is likely that all
motor skills present key constraints to learners, bio-
mechanical and otherwise, and knowledge of these
constraints and the performance level and technique
650that they are associated could be a valuable tool to
increase the effectiveness of learning interventions.
Modelling the performer as a simpliﬁed series of
linked segments incurs error. For example, although
assuming the trunk and©head to be a single rigid
655segment is a technique used in previous literature
(Arampatzis & Brüggemann, 1999; Irwin & Kerwin,
2007; Yeadon & Hiley, 2000 AQ4), there will certainly be
some error involved. Future work might explore the
inﬂuence of simpliﬁcations of the model used on the
660results of inverse dynamics analysis.
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Conclusion
This research has identiﬁed the most mechanically
efﬁcient©novice techniques and the biomechanical
constraints that need to be overcome to become
665 successful using this technique. The ability to per-
form more total work was associated with successful
performance of the skill, and is a key biomechanical
constraint to action. Hip work provided the domi-
nant contribution to total work for novices. The
670 ability to perform larger amounts of shoulder work
was a characteristic of the most effective and efﬁcient
individuals, and was identiﬁed as another biomecha-
nical constraint for novices. This particular biome-
chanical constraint highlighted the importance of
675 differentiating between a control and a biomechani-
cal problem during learning; particularly pertinent in
physically demanding complex sports skills.
For degenerate successful longswing techniques, a
later onset of joint work at the hips associated with
680 the “decrease–increase” total energy proﬁle was
most efﬁcient. However, distributing joint work
throughout the swing, associated with the “energy
maintenance” proﬁle of total energy, allowed novices
to become successful despite being unable to over-
685 come the “shoulder work” constraint.
Coaches should consider whether achieving an
effective or efﬁcient technique is more important
for novices learning this skill, and with this in mind
manipulate task constraints to address the key bio-
690 mechanical constraints to improve performance. The
ﬁndings of this study invite the proposition that gross
motor skills are likely to be mechanically satisﬁed
through degenerate techniques that are associated
with task speciﬁc constraints to action. Learning
695 interventions based on knowledge of these con-
straints and their implications for performance and
mechanical efﬁciency are likely a useful tool for
practitioners and coaches.
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